Original scientific paper Electronic vehicle identification (EVI) technology is often introduced to implement congestion-based toll. This paper presented an ex ante evaluation method for EVI adaptability and discussed the feasibility of this technology in congestion charge on the basis of assessment. First, system dynamics was introduced to qualitatively analyze the effect of EVI on urban traffic systems with feedback chains. An EVI adaptability evaluation model was then developed based on principal component analysis (PCA) and data envelopment analysis (DEA). Given numerous output variables, a PCA model was built to reduce variable dimensionalities. Subsequently, two scenarios of EVI application under a congestion-based toll in Beijing were presented and calculated according to field data. Scenario 1 covered 5 % of the total vehicles, as well as the toll zone within the 2nd Ring Road. Meanwhile, scenario 2 covered 5 % more vehicles and included Zhongguancun West District based on scenario 1. According to evaluation result, the adaptability classifications of scenarios 1 and 2 were identified as basic adaptive & adaptive respectively, and that scenario 2 was more adaptive and feasible than scenario 1. In addition, the adaptability trends of the two scenarios between 2003 and 2012 were analyzed and proved to be consistent with the practical situation. The findings had significant implications for policy makers who determined the priority domains of internet of things technology applications by assessing the adaptability of these technologies before deployment.
Introduction
China has recently faced increasing challenges related to the energy crisis, traffic jams, and traffic pollution. According to the Beijing Transport Annual Report (2013), the number of total vehicles increased by 5 % and the number of daily trips was 660,000 times in 2013. The average daily traffic congestion time during workdays is 1 hour and 55 minutes [1] . Congestion charge is an effective measure to reverse this trend in Beijing and especially to relieve traffic congestion in central districts.
Electronic vehicle identification (EVI) is currently often used in congestion charge. This system uniquely identifies vehicles electronically and typically comprises a secure in-vehicle data storage element, suitable and secure interfaces, and a vehicle-to-infrastructure data communication element. Through vehicle data inquiry, identification and updating, we can manage vehicles and feed back real-time traffic situations. EVI is mainly used in vehicle management, traffic monitoring, and driver services at present. Nonetheless, this system can be applied for a city to facilitate efficient and secure electronic road toll collection, convenient vehicle inspection and testing, and vehicle registration and titling.
Related work
The United States and Europe lead in EVI application to traffic areas. In fact, the world's first open highway electronic toll collection (ETC) system opened in Oklahoma in 1991. Radio-frequency identification (RFID) application also generated interest in Europe during the 1990s. Both microwave and inductive technologies have been used in various applications, such as toll collection and access control [2÷4] . The Engineering Procurement Construction (EPC) global standard in the United States currently leads in international RFID market applications. In this country, various states have implemented the ETC system E-Z Pass. Other countries that have applied ETC systems include Canada, Poland, the Philippines, Japan, and Singapore. The electronic road pricing (ERP) system in Singapore is known for being an effective and flexible congestion charging method [5] . In China, Chongqing initiated an EVI demonstration project in 2009. Furthermore, RFID tags were released to qualified vehicles to control access to the Shanghai World Expo in 2010. In Nanjing, RFID is used to protect the environment; when a vehicle travels on a main city road, a roadside station obtains real-time emission information on the vehicle [6] . Beijing began to adopt ETC systems in 2010; this city utilized EVI to unclog the traffic jams on highways and bridges and in tunnels. At present, Beijing is attempting to introduce EVI into the congestion charging of the central business district.
For a theoretical study, Karim Ismail et al. described a discrete event microsimulation model to investigate the implementation of automated vehicle identification (AVI) technologies at the Nordel Inspection Station in British Columbia [7] . Eun-Kyu Lee et al. experimentally evaluated the characteristics of on-vehicle RFID readers and tags to identify the critical factors that influence onvehicle RFID reading performance [8] . Jian John Lu et al. analyzed the performance of three types of AVI technologies used in toll collection, including optical/laser scanners, radio frequency, and inductive loops [9] . Mei Lam Tam et al. used AVI data to estimate the journey time of a real-time traveler information system in Hong Kong [10] . Hribernik, Karl A. et al. studied RFID application in a logistics system based on EPC global architecture and the framework of the Monetary Authority of Singapore. These researchers also defined standard processes for entities [11] . H Marais et al. investigated the suitability of ultra-high frequency passive RFID for use in EVI scenarios. A simulation scheme that models each of the key elements within an EVI environment was developed as well [12] . Phil Blythe et al. provided insight into the use of in-vehicle tags and transponders to facilitate roadside-to-vehicle data communications for electronic tolling and road-use pricing systems [13] . Minghe Yu et al. designed an active RFID tag-based system for the automatic identification of running vehicles on roads. The design principles and architecture of the system were presented as well [14] . Scholars have also studied related topics, such as RFID application in vehicle position identification [15] , RFID security and privacy issues [16] , and RFID reader scheduling [17] . With respect to technology evaluation, Ailing Huang studied the effect mechanism of intelligent transportation management systems (ITMS) on road traffic systems on the basis of fundamental diagram and entropy theories [18] . Haynes and Li used the probabilistic multidimensional scaling algorithm to evaluate questionnaires and to deploy intelligent transportation system (ITS) subsystems [19] . Khali Persad et al. investigated the costs, benefits, and implementation requirements of EVI in Texas via cost benefit analysis [20] . The ERTICO EVI Project consortium determined the feasibility of introducing European Union-wide EVI systems. Four functional levels were considered, namely, technological, security, economic, social, and political issues [21] . To date, evaluation contents concentrate on cost-benefit analysis, as well as safety and environment evaluation. However, these evaluations are primarily conducted after application. Hence, we must establish an ex ante evaluation method to measure the adaptability of the method in determining priority fields of Internet of Things (IoT) technologies and to support decision makers.
Definition of IoT adaptability in urban traffic
Adaptability is the relationship between things and the external environment. In complex adaptive system (CAS) theory, system members are adaptive entities. Adaptability refers to entities that can interact with the environment, which is also the eternal system development process. During this process, entities develop with the environment and adjust continuously to facilitate sustainable system development.
IoT technology should adapt to urban road traffic system development. Thus, the technology not only needs to reach a certain application performance standard but also must adapt to the structure, management, and infrastructure of road traffic systems. IoT technology adaptability is defined in this study as the capability to meet the needs of urban road traffic systems for consistency and coordination with present road traffic management level. The performance of IoT technology application comprises internal factors that affect technology adaptation. By contrast, the economic, environmental, and policy aspects of urban road traffic system are external factors. In line with this information, we divide factors into two categories: IoT technology application performance and urban road traffic system characteristics. The factors in IoT technology application performance reflect the maturity and function of the technology. Meanwhile, urban road traffic system characteristics indicate the detailed features of urban traffic system development. The influence factors of IoT technology adaptability are shown in Fig. 1 . 
EVI technology application in urban traffic
A single evaluation indicator system cannot comprehensively evaluate a full system that is composed of many subsystems. Moreover, the evaluation results do not have actual decision-making reference value. Thus, we select EVI technology as an evaluation objective. This objective serves as a valuable reference for IoT system evaluation. EVI is mainly used in the following three areas currently: vehicle management, traffic monitoring, and driver services [22] .
Vehicle management includes annual vehicle inspection, vehicle check, and electronic road toll. Annual vehicle inspection is required in most countries to protect public safety. Vehicle information (e.g., license plate number, type, due date for inspection, driving record, and driver's license) collected, inspection result inquiry, and annual fee charges are all listed on the Internet for annual inspection. When vehicles are checked by police officers on the road, an electronic police is integrated with EVI to help these officers identify unlicensed vehicles, as well as escaping vehicles that cause accidents.
Traffic monitoring includes dynamic traffic information collection and guidance [23] . In China, traffic flow information is collected by inductive loops and cameras, and vehicle information is mainly recorded manually. With EVI, vehicle information and real-time road situations can be collected efficiently and dynamically. EVI can also perform dynamic traffic guidance by providing drivers with suitable route information and by establishing a traffic model to aid transportation authorities in making decisions for improving transportation infrastructure.
Driver services mainly refer to safe driving management. First, EVI can be integrated with drunk driving detection and electronic identification technology to achieve dynamic driver control for drunk driving and unlicensed driving issues. Second, EVI can submit realtime speed data to a traffic management department given legal enforcement, such as speed limits. If a vehicle exceeds the speed limit, then a ticket is issued to the vehicle. The hardware architecture is depicted in Fig. 2 . 
Effect mechanism of EVI on urban traffic elements
As the number of vehicles increases, road traffic flow increases and traveling speed decreases. In the process, the occurrence of traffic accidents is augmented and the disequilibrium of road network loads is enhanced, thereby aggravating the decline in traveling speed. Similar to Ref. [18] , we analyse the interactions of these frameworks according to system dynamics theory. Moreover, EVI is introduced into this correlation framework to determine the influence of this technology. This system is a negative feedback factor in all three positive feedback chains, as indicated in Figure 3 . 
Evaluation model of EVI technology
The adaptability evaluation model is divided into two parts: principal component analysis (PCA; to obtain firstlevel indicators) and the data envelopment analysis (DEA) model (to calculate adaptability value).
Principal component analysis to obtain First-Level Indicators
PCA is a mathematical algorithm that reduces data dimensionality while retaining most data set variations [24] . The algorithm accomplishes this reduction by identifying directions (called principal components) along which data variation is maximized. Each sample can be represented by a few numbers instead of by values for thousands of variables when a few components are considered. In this study, the following PCA models are built as shown in Eq. (1). 
where Y represents the vector of the principal components; y is the index content vector of Y; b ij represents the load coefficient; and e ij represents the residuals. The detailed calculation procedures are as follows:
(1) Sample standardization.
Given a data matrix with p variables and n samples, the initial matrix of the influence factor index system is Y = (y ij ) n×p . The standardized value is calculated as: Assuming that Z = {z ij } m×n is a standardized sample data matrix, the correlation matrix R of this matrix is expressed as: 
where the correlation is . 1
The eigenvalue of R can be obtained through the following equation: 0, 
(5) Transfer of the principal components. According to Eq. (7), standardized index variables are transferred to the principal components: , 1,2, ,
Data envelopment analysis adaptability evaluation model
The DEA C 2 GS 2 model is employed in the study, as shown in Eq. (8) and (9) [25] . The input is EVI application investment, whereas the output includes data on urban road traffic system characteristics, as presented in Tab where m represents the number of decision making units (DMUs); θ is a binary variable which describes the DEA efficiency; e T is the s dimension vector of 1;
T ê is the n dimension vector of 1; ε is the Archimedes infinitesimal; V D is the optimal linear programming value; C h is the adaptability value; θ i is the adaptability value of unit i; μ j is the weight of the input and the output; s − , s + are the slack variables; x j is the input vector of DMU j; y j is the output vector of DMU j; n is the input number of DMU; and s is the output number of DMU.
According to the definition of the C 2 GS 2 model, the efficiency of a DMU has three stages: DEA effectiveness, weak effectiveness, and ineffectiveness. These stages cannot fully reflect the degree of EVI adaptation. Hence, the adaptability classification is divided into four levels. 6 Case study
Data collection
Congestion charge is a necessary and effective measure to relieve traffic congestion in Beijing, especially in the urban central district. The congestion charge policy implemented in London is effective, and 65 % of commuters in Singapore use public transport with the aid of a congestion charge system. Consequently, air pollution is significantly reduced [26] In China, EVI application remains at the initial stage. Only few cities have initiated EVI pilot application. Thus, the statistical data from the United States and European ERTICO are introduced as references for DEA model calculation in this study. Moreover, EVI application and popularization necessitate complex system engineering and should be implemented step by step. In fact, EVI can usually be implemented gradually according to vehicle type, areas, and corridors. In this Beijing case study, the 2 nd Ring Road and 5 % of private vehicles are selected in the first step of applying EVI to the region (scenario 1), as shown in Fig. 4a EVI application costs include the following: initial production cost, initial infrastructure cost, annual maintenance cost, annual transaction cost, and annual new tag and labor costs. The cost unit of the following formulas is 10,000 RMB.
(1) The initial production cost is written as x 1 = N V ·P p , where N V is the number of vehicles registered and P p is the production price per tag.
(2) The initial infrastructure cost is expressed as x 2 = N h ·P h + L r ·N pk ·P r , where N h is the number of handheld readers required; L r is the road length; N pk is the number of readers required every one kilometer, P h is the price per handheld reader; and P r is the price per overhead reader. (4) The annual transaction cost is expressed as x 5 = (N h + L r ·N pk )·N t ·P t , where N t is the annual number of transactions per reader and P t is the price per transaction.
(5) The annual new tag cost is written as x 6 = x 1 ·P, where P is the annual tag replacement percentage.
(6) The labor cost is expressed as x 7 = N h ·P m , where P m is the annual staff income.
Tab. 3 shows the reference values used to calculate costs, and the detailed units of all variables are shown in it. The Intelligent Transport Control and Management Platform and the Intelligent Transport Information Dissemination Center built by the Beijing Public Security and Traffic Administration Bureau are already operating in Beijing. Hence, we need not construct an EVI information center. Nonetheless, EVI technology has certain drawbacks, such as privacy issues, that generate public resistance to the use of this technology. Therefore, privacy cost should be added to the total cost in the future to enhance the scientific credibility of the adaptability evaluation.
The detailed costs of EVI application to scenarios in Beijing are calculated and presented in Tab. 4.
Data analysis
According to Tab. 3, input X is calculated. In scenario 1, X 1 = 585.875 and X 2 = 101.228. In scenario 2, X 1 = 1.147,75 and X 2 = 183,82. Then, Y is calculated with the PCA model given Eq. (1). The calculated results are listed in Tab. 5. Finally, the input X data of the two scenarios (also presented in Tab. 5) are added to the DEA model. The DEA calculation results with Matlab 2014 are shown in Tabs. 6 and 7.
In both scenarios, The adaptability classification of scenarios 1 and 2 in Beijing should be basic adaptive and adaptive, respectively, according to the classification standard. Fig.   5 indicates that the average θ value of scenario 2 is higher than that of scenario 1.Thus, the DEA of scenario 2 is more effective than that of scenario 1. In addition, scenario 2 is better than scenario 1 in terms of technology adaptability to urban traffic in Beijing. 
Conclusions and future work
The study focused on the adaptability evaluation of EVI in congestion charge, especially on the selection of evaluation indicators and the improvement of the evaluation method to provide reference for EVI planning and implementation. The feedback chain approach of system dynamics was introduced to determine the interactive mechanism of EVI technology and of urban traffic systems. The adaptability of this technology application in urban traffic was then evaluated based on certain factors and on indicator analysis results. PCA and DEA models were also built to calculate adaptability value and to identify model classifications.
Two scenarios were presented in the case study, and their adaptabilities were assessed. The adaptability classifications of these scenarios were basic adaptive and adaptive. This conclusion was consistent with that from the investigation and assessment by Beijing's Traffic Management Department. Fig. 5 shows that the θ value curve trends of the two scenarios are basically increasing, thus indicating that EVI adaptability improves over time. EVI is a negative feedback factor in urban traffic elements. This system can reduce the number of traffic accidents, increase travel velocity, increase network load equilibrium, and augment response capacity. EVI implementation is increasingly necessary as the number of vehicles increases and the traffic situation worsens over time. However, the θ values in the two scenarios decreased considerably in 2008; this occurrence is attributed to the fact that in the summer of 2008, when Beijing was hosting the Olympic Games, the city took drastic measures to reduce the number of cars on the roads. The municipal authority of Beijing temporarily implemented the measure of car usage based on odd-and even-numbered license plates. Thus, the traffic situation obviously improved. Another reason for this phenomenon is the establishment of an ITMS in the same year. This ITMS is a type of ITS application in road traffic management; system deployment was initiated in 2004 in Beijing, but the ITMS was only fully established and practiced in 2008. Thus, EVI adaptability value decreased significantly. All of these analysis findings prove that the method proposed in this study is reasonable and scientific.
The cost data in this study were derived from both foreign studies and domestic investigations. In the future, we intend to track the development of EVI application and popularization in Beijing to collect more practical data, thus improving the reasonability and accuracy of the evaluation results. Moreover, this method can be used to evaluate different EVI application scenarios or other IoT technologies; these assessments serve as references for decision makers.
